study expanded the time range of the previous study and validated doses with the reporting poison centers in order to better characterize the dose-response relationship in exposures by various routes.
METHODS
The national database of the AAPCC was searched from 2001 through 2005 for all human exposures to tilmicosin. Single-substance tilmicosin exposures were included and analyzed by patient age and gender, exposure route, exposure reason, substance amount, clinical effects, medical outcome, effects duration, and therapy. Doses of exposure were validated by contacting reporting poison centers and having the amounts documented in the notes field correlated with the coded dose amount. Only validated cases were included in the dose-response analysis. Tilmicosin comes as a single preparation of 300 mg/mL. Parenteral exposures were analyzed in dose quintiles of 0.01-0.49 mL, 0.5-1 mL, 1.1-5 mL, 5.1-10 mL, and 10.1-15 mL, as well as in mg/kg when patient weight was known. Statistical analysis of variable differences was by two-tailed Fisher Exact test, Chi Squared test, Student T-test, and Odds Ratio (using the approximation of Woolf) where appropriate and was performed using GraphPad InStat 3.06 for Windows 95 (GraphPad Software, San Diego,CA, www. graphpad.com).
RESULTS
Over the 5-year period, there were 1,291 single-substance human exposures to tilmicosin reported to US poison centers, or an average of 258 per year. The mean age was 39.1 years (range, 18 months-81 years; median, 40 years) and 80% were male. Of these exposures, 99.5% were acute. There were 10 (1%) adverse drug reactions, one intentional misuse, 10 (1%) intentional suicides, and 1266 (98%) unintentional exposures. More than 40% of unintentional exposures were coded as occupational or as occurring in the workplace. Of the initial calls to the poison center, 25% originated at a healthcare facility (HCF) and 75% at a residence, workplace, or other non-HCF site.
By route there were 264 (20%) dermal, 291 (22.5%) ingestion, 71 (5.5%) ocular, 768 (54%) parenteral, and small numbers of other or unknown routes of exposure (numbers sum to Ͼ100% because of multiple routes of exposure in individual cases). Of these cases, 45% were managed at a HCF, with a significantly increased likelihood of parenteral exposures being seen at a HCF, admitted, and admitted to an ICU than nonparenteral exposures ( Table 1) .
Most patients had no effects or minor effects by nonparenteral routes ( Table 2 ). There were no major effects or deaths by any of these routes. (See Appendix B for AAPCC Outcome definitions.)
With parenteral exposure, 99% of patients were 12 years or older; 81% were male. Because patient weight is not a required field in the AAPCC database, there were only 12 patients who had a parenteral exposure for whom both patient weight and the dose in mL were available. With parenteral exposure, moderate effects occurred in 46 (6%), major effects in 2 (0.3%), and there were 4 (0.5%) deaths (Figure 1) . Two of the 4 deaths were suicides. When patient weights were not available, higher parenteral doses in mL were associated with more serious outcomes, including death at the doses ≥10 mL (Figure 2 ). When patient weight and dose were available, the mean dose in mg/kg for exposures coded as having "moderate effects" was significantly higher (p = 0.0323; two-tailed t-test) than that for "minor effects" (Figure 3) .
There was sparse documentation of specific clinical effects. The most commonly coded clinical effect in parenteral exposures was pain/irritation at the injection site in 19% of patients. Systemic symptoms coded in 1% or greater of patients included cardiovascular (chest pain 1%, hypotension 1%, tachycardia 2%), and neurological (headache 1%, numbness 1%) effects.
Clinical effects durations of up to a week occurred at even the lowest dose range (0.1-0.49 mL). (Figure 4) Overall duration of effects by route of exposure is summarized in Table 3 .
No dose-response relationship could be demonstrated for dermal, ingestion, or ocular exposures secondary to the low numbers of outcomes greater than minor and the paucity of dose and weight documentation.
DISCUSSION
Tilmicosin is a macrolide antibiotic administered subcutaneously to cattle to prevent or treat bovine respiratory tract disease. Tilmicosin has an elimination half-life of 29.4 hours in cattle and 34.6 hours in sheep. Time to peak serum concentration after SC administration was 0.5 and 3.9 hours in cattle and sheep, respectively [2] .
Demographics
In this study, there were Ͼ250 cases of human exposure to tilmicosin a year reported to poison centers in the US; more than 150 of these (54%) were by the parenteral route. Other routes of expo- 
Clinical effects
In this study, 75% of all patients exposed to tilmicosin and Ͼ80% of parenterally exposed individuals became symptomatic, with the most common documented complaint of pain/irritation at the injection site. In the Texas poison center study, the most common effects were also local injection site pain and irritation [3] . The review of 3,168 reports of human exposure to Micotil 300 by Veehhuizen found at least one symptom in 44% of exposed individuals by all routes. In that series as well, the most commonly reported complaints in the patients who had accidental self-injection were local effects, including injection site pain, bleeding, and inflammation [4] . In another series, all 26 patients with injection injury, in a case series of 36 accidental human tilmicosin exposures in Canada from March 1991 through August 1993, complained of local effects at the injection site including pain, bleeding, redness, itching, and/or swelling [5] . In this study, systemic effects were much less commonly reported and/or recorded, but complaints of chest pain, hypotension, and tachycardia were among the most frequently coded significant clinical effects with parenteral exposure. In the Texas poison center series, only 1 patient in the parenteral group was noted to have tachycardia and hypertension (neither defined), and 2 had "neurological effects" and headache. One patient in the nonparenteral exposure group was noted to have "cardiovascular" complaints-chest pain and ECG changes-none of which are further detailed. Route of exposure was not reported in this patient, and volumes or dosages of possible exposure for any of the patients are unavailable in this case series [3] . In the Veenhuizen report, systemic effects were also less commonly reported but included nausea, tachycardia (rate not defined), and dizziness, each at 3%. Anxiety, abnormal taste, headache, lightheadedness, parasthesias, and chest pain were reported at a rate of 2% each. Hypertension (not defined), weakness, vomiting, and nervousness were each reported with a frequency of 1%, although the poison center database does not record the time to onset of symptoms; in the Veenhuizen report, time to onset of symptoms ranged from Ͻ15 minutes to Ͼ24 hours. In those patients for whom time to onset was known (62), 56% had clinical signs within 60 minutes of exposure [4] .
In sheep and cattle, at appropriate dosing and route of administration there were no statistically significant abnormalities in any cardiovascular parameters (blood pressure, heart rate, MAP, or respiratory rate) [2] . However, studies with dogs and cattle have revealed significant cardiovascular effects when tilmicosin is administered at doses Ͼ10 mg/kg, or by other routes (IM, IV, IP) [6, 7] . Hypotension is probably a direct result of negative inotropic effects on the heart via interference with calcium cycling at the level of the sarcoplasmic reticulum, inhibiting calcium flux across membranes [8] , and depletion of intracellular calcium. Many other macrolide antibiotics have been shown to have effects on myocardial calcium channels. This antagonism of calcium channels leads to negative inotropic effects that can be mitigated by the administration of high doses of exogenous calcium [9] . Others theorize a contribution to cardiovascular toxicity from stimulation of cardiac beta receptors [6] , but this is in dispute given that the administration of a beta-blocking agent did not attenuate tilmicosin-induced tachycardia in a dog study [7] . Tachycardia seen with tilmicosin toxicity may be secondary to the direct effect of atrial stretch on the sino-atrial node and in response to the increase of left ventricular end diastolic pressure [7] . Given that there was no attenuation of this effect by the administration of a beta antagonist (propranolol) to tilmicosin-poisoned dogs, this effect is not likely mediated, or at least entirely mediated via direct beta stimulation. In fact, administration of propranolol to the dogs in that study exacerbated the toxic effects of tilmicosin. Another contributing factor may be a decrease in parasympathetic tone as a reflexive response to the fall in pulse pressure and mean arterial pressure (MAP). Other macrolide antibiotics have been theorized to contribute to hypotension by stimulating histamine release [10] . Facial swelling and itching has been reported in test animals administered tilmicosin [7] and other studies have shown histamine release after administration of the macrolides erythromycin, leucomycin, oleandomycin and spiramycin [10] . A study in dogs demonstrated in vitro erythromycin on dog Purkinje cells induced prolongation of cardiac action potentials and had class 1A antidysrhythmic activity. It also delayed repolarization, in a dose-dependent fashion, explaining its ability to produce prolongation of the QT in a dose-dependent fashion [11] .
Thus, the cardiovascular effects are likely multifactorial in etiology. Further, animal studies demonstrate that the route of administration is exceedingly important in determining cardiovascular toxicity. Cattle can tolerate 5-fold overdose if the drug is administered SC. Intravenous dosing in cattle, sheep, horses, swine and goats, however, produced significant toxicity, including death, at 5-30 mg/kg, depending on species [3] .
Deaths
In this study, there were four deaths, two of which were suicides. The case-fatality rate of 0.5% in parenteral exposures is 10-fold higher than for all substance exposures in the AAPCC database. The AAPCC database does not include case notes and thus clinical presentations and courses are not known. In the Veenhuizen study, there were 2 accidental and 11 cases of intentional exposure to tilmicosin that resulted in death (case-fatality rate 1.1%). The majority of these were by IV or IM injection, but the route of exposure was unknown in 4 patients. Seven intentional exposure patients survived. Clinical scenarios prior to death were also not available for most patients, as many were reported as found collapsed, unconscious, or dead. In 2 cases, patients developed vomiting, dysrhythmias, and chest pain leading to cardiac and respiratory arrest. Descriptions of any resuscitative efforts were not included [4] .
Several case reports of death have been reported from both intentional and accidental parenteral exposures to tilmicosin. One case report also implicated the propylene glycol diluent of the tilmicosin as at least a contributing factor in the patient's death. The amount of propylene glycol injected was estimated at 17 mg/kg along with approximately 21 mg/kg of tilmicosin. In this intentional injection the patient was found to have a blood tilmicosin level of 30 ppm (noted as "markedly elevated" but no reference range provided) on postmortem examination [12] .
Other case reports in the literature describe systemic effects and ECG abnormalities [12] [13] [14] . In one well-described case report [13] , a previously healthy 28-year-old farm worker had an unintentional exposure to Ͻ5 mL (maximum possible dose 1800 mg) tilmicosin by injection into his arm. Severe symptoms developed approximately 5 hours later, which included chest pain and ECG abnormalities including sinus tachycardia, premature ventricular contractions, intraventricular conduction delay with incomplete right bundle branch block, and inversion of T waves in inferior leads. The patient was treated with sublingual nitroglycerin and intravenous morphine with minimal relief of his chest pain. Laboratory abnormalities during his hospital course included hypokalemia at 2.9-3.2 mmol/L (3.5-4.5), and mildly elevated CK of 298 (ref 24-204 IU/L) and CK-MB percent of 2.6. Serum troponin measurements remained negative. Chest pain resolved and no dysrhythmias were noted throughout the remainder of his hospital stay. Post-hospitalization, his ECG had completely normalized and he had no medical sequelea.
Clinical effect durations
In this study, clinical effects from parenteral exposure of up to a month were reported and durations of up to a week were seen with exposures Ͻ0.5 mL. Prior to this, there has been no systematic characterization of the duration of clinical effects from parenteral exposure. Crown et al [14] state that their patient subjectively reported his "lungs just haven't been the same since" and complained of decreased exercise tolerance 4 weeks after exposure. There was no comment regarding persistent ECG changes, although all evidence of toxicity was reported as resolved at the time of discharge. Neither the Texas [3] nor the Canadian case series [5] , commented regarding duration of clinical or ECG effects.
Dose response
In this study, a dose-response relationship could be seen between the total dose in mL and/or the dose in mg/kg and clinical outcomes. Minor effects were reported even with injection amounts Ͻ0.5 mL. When dose and weight were known, patients with minor effects had a mean injection dose of approximately 2 mg/kg (~0.5 mL in a 70-kg person). Moderate or greater effects were seen with doses of 2 mL or more with moderate clinical effects resulting from an average exposure of approximately 14 mg/kg. Major effects and fatalities were associated with doses of ≥10 mL, which in an 80-kg individual (the average weight of patients, when documented, was 83 kg) would correspond to a dose of 38 mg/kg.
In animals, pre-and post-marketing studies have demonstrated marked interspecies variability of toxic responses as well as differences in toxicity due to route of administration and dose [3] . Depending on route of administration, 10-30 mg/kg of tilmicosin is a lethal IV or IM dose in a variety of species [3, 6] . Death has been reported in humans at a dose of 5 mL (~21 mg/kg) [12] .
In the Veenhuizen study, the volume of tilmicosin injected was unknown or not reported in 28% of cases. Where volume was known, the amount injected was reported as Ͻ0.5 mL in 67% of patients exposed by accidental injection; 3% reported exposure to between Ͼ0.5 and Ͻ1 mL; 1% to between 1 and Ͻ2.5 mL; 0.6% to between Ͼ2.5 mL and Ͻ4 mL; and 1% injected a volume of between 4 and 12 mL. The 2 accidental injection exposures that resulted in death had an estimated volume of injection of 10-12 mL. In 6 of the intentional exposure deaths, the volume of injection ranged from 3 mL to 60 mL. The volume of injection was unknown in the remainder [4] .
In the case series of 36 accidental human tilmicosin exposures in Canada from March 1991 through August 1993, of the 12 patients with injection exposures who had electrocardiography performed, 1 was reported as having "peaked T waves" approximately 30 minutes after 1 mL injection into his arm. No other information is available for this patient. [5] .
Management
Current management recommendations include healthcare facility referral for all parenteral exposures and a minimum of 8 hours observation with 24 hours of follow-up. In this study, toxicity with outcome codes of up to moderate severity, significant clinical findings, and prolonged effects were seen even with doses Ͻ0.5 mL, supporting previous recommendations [1] that all parenteral exposures should be referred to a healthcare facility.
LIMITATIONS
Because patient weight is not a mandatory field in the AAPCC database, determination of dose on a mg/kg basis was possible in only a small number of patients, limiting the precision of the dose-response relationship. Outcome codes reflect a number of different clinical effects, and specific effects were not coded with sufficient frequency for accurate dose-response correlation. Because of the nature of the AAPCC database, efficacy of various therapeutic interventions cannot be determined from this study.
CONCLUSIONS
Over 250 cases of human tilmicosin exposure are reported to poison centers per year and over 150 of those are parenteral. Most exposures produce no or minor effects, but fatalities have occurred with parenteral exposure. Doses in excess of 2 mL may produce moderate or greater effects and deaths may be seen with doses of 3 mL or greater. The case fatality rate in parenteral exposures is ten times the case fatality rate for all human exposures in the AAPCC database. Adverse and prolonged effects are reported at parenteral doses below 0.5 mL, suggesting that all parenteral exposures should be referred for healthcare facility evaluation.
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